Purpose To investigate control mechanisms for ocular blood flow changes after dynamic exercise using two different methods. Methods Changes over time in the tissue blood flow in the retina and choroid-retina of healthy volunteers were determined after dynamic exercise (Master's double two-step test), using scanning laser Doppler flowmetry (SLDF) and laser speckle flowgraphy (LSFG). Changes in intraocular pressure (IOP), blood pressure, plasma CO 2 gas concentration (pCO 2 ), and levels of nitric oxide (NO) metabolites were examined.
Introduction
Studies of exercise effects on blood flow in ocular structures typically involve either isometric exercise [1] [2] [3] [4] or, in a few cases, dynamic exercise. 5, 6 Previous reports employed a blue field stimulator and video fluorescein angiography to estimate retinal blood flow. In this study, we investigate changes in ocular blood flow after dynamic exercise in healthy volunteers, using two methods: scanning laser Doppler flowmetry (SLDF) and laser speckle flowgraphy (LSFG) 7, 8 that has been developed recently in Japan. To investigate mechanisms regulating blood flow, we also examined changes in blood gases, including CO 2 and nitric oxide (NO) metabolites.
Methods

Subjects
The subjects were 10 healthy volunteers without any ophthalmologic disorders (other than simple myopia): six male and four female volunteers ranging in age from 23 to 53 (mean 30.2) years old. One eye was measured in each volunteer, randomized for left or right. The institutional review board of Osaka Medical College approved consent forms for this study. The aim and procedure of the study were explained to each subject, and consent forms were taken prior to participation. The study was carried out in conformity with the tenets of the Declaration of Helsinki.
Study design
The subjects were asked to abstain from caffeine, 9 alcohol, 10 and smoking 11 for 6 h preceding the study. Exercise was also prohibited for 1 h before the study. Subjects were seated on chairs in a quiet room maintained at 20-251C prior to the exercise period. Subjects were instructed to perform 6 min of exercise with an equalized load-degree, that is Master's double two-step test consisting of stepping onto and off two 23 cm steps at a predefined rate. 12 Blood pressure and intraocular pressure (IOP) as well as ocular blood flow were measured in one eye before and after the exercise at 15 min intervals for 1 h. Venous blood was sampled before and 15 min after the exercise for determination of blood gases.
Ocular blood flow measurement by SLDF
The principle of SLDF for measurement of ocular blood flow has been described elsewhere. [13] [14] [15] Briefly, this noninvasive technique combines laser Doppler flowmetry and the principle of confocal laser scanning. Laser Doppler flowmetry uses the optical Doppler effect to measure the volume and velocity of moving red blood cells. The confocal scanning laser technique enables twodimensional mapping of ocular perfusion. SLDF images 10 Â 2.5 degrees of the retina with a scanning 780 nm infrared laser. The process scans 64 horizontal lines 128 times within 2.048 s with a line repetition rate of 4000 Hz. By performing a discrete, fast Fourier transformation over 128 scans of each retinal point, a power spectrum is obtained and the independent variables of volume and flow are calculated.
Ocular blood flow measurements were obtained using a Heidelberg Retina Flowmeter (Heidelberg Engineering, Dossenheim, Germany). The measurement field was 100 Â 100 mm. Subjects were asked to fixate a distant static target during the measurements. The measurement field was an area between the macula and the optic nerve head (ONH) free of surface vessels. For each subject, images of poor quality, mainly due to gross eye movements and poor fixation were excluded from the analysis. Values from five images of good quality were chosen and three values (excluding the maximum and minimum) were averaged to obtain the data.
Ocular blood flow measurement by LSFG
The mechanism of LSFG has been described in previous publications. 7, 8 The system consists of a fundus camera (TRC-WT3, Topcon, Tokyo, Japan) equipped with a diode laser (wavelength 808 nm). The scattered laser light is imaged on a sensor (100 Â 100 pixels, BASIS type, Canon, Tokyo, Japan) and corresponds to the 0.72 Â 0.72 mm field (301 visual angle) in the human ocular fundus, where the speckle pattern appears. The normalized blur (NB) value is an approximate reciprocal of speckle contrast related to the interference pattern produced when laser light is scattered by the retina and choroid.
This value serves as an indicator of blood flow as well as blood velocity. 7, 8 Before the recording, one drop of 0.4% tropicamide (Mydrin M s , Santen, Osaka, Japan) was instilled into the randomly chosen eye to induce mydriasis. The image speckles were recorded every 0.125 s for 7 s for measurement of NB values in the choroid-retina, with NB values averaged for 4-6 cardiac cycles for each data point.
Measurements of blood pressure and IOP
Brachial arterial blood pressure and pulse rate were measured using an automated sphygmomanometer (JENTOW-7700 (CS), Nippon Colin, Komaki, Japan). Mean blood pressure (BPm) was calculated from systolic blood pressure (BPs) and diastolic blood pressure (BPd), according to the following equation:
BPm ¼ BPd þ 1=3ðBPs À BPdÞ IOP was measured with a Goldmann applanation tonometer after determination of the NB value. Using the IOP and BPm, ocular perfusion pressure (OPP) was calculated using the following equation:
Blood gas analysis
Venous blood was collected from the median cubital vein. The plasma CO 2 gas concentration (pCO 2 ) was determined by an automatic blood gas analysis system (Stat Profile V, NOVA Biomedical, Waltham, MA). The plasma nitric oxide (NO) metabolite level was measured by an automated NO detector-highperformance liquid chromatography (HPLC) system (EN0-20; Eicom, Kyoto, Japan). This method has been used to detect NO levels in the eye, 16, 17 and the procedures are described in detail elsewhere. 18 Nitrite and nitrate in the dialysate were separated by a reversedphase separation column packed with polystyrene polymer (NO-PAK, 4.6 Â 50 mm, Eicom). The nitrate in the sample was reduced in a cadmium column (NO-RED, Eicom) to nitrite, which reacts with the Griess reagent naphthylethylenediamine to form a purple azo dye, while the nitrite in the sample bypasses the cadmium column for measurements. The levels of nitrite and nitrate in the 10 min dialysate sample were determined by measuring the absorbance of the colour product at 540 nm by a flow-through spectrophotometer (NOD-10, Eicom).
Statistics
Since the retinal blood flow obtained by SLDF and the NB values are not absolute values, they were analysed by nonparametric test, for example, Friedman test and Wilcoxon signed rank test. The data for blood pressure, IOP, OPP, and blood gas exhibit approximately normal distributions and changes from baseline were analysed using analysis of variance (ANOVA) methods and paired t-tests. In all tests, Po0.05 was the criterion employed to declare statistically significant differences.
Results
Ocular blood flow change measured by SLDF
Retinal blood flow increased immediately after exercise then returned to baseline values by 45 min after cessation of exercise. Increases at 15 min were initially significant (Po0.05, Figure 1 ) but transient; at 30 min, values were not significantly different from baseline values.
Ocular blood flow change measured by LSFG
NB values in the choroid-retina increased significantly after exercise (Po0.01, Figure 2 ) increasing gradually during the 60-min observation period. The greatest increment from the previous value occurred at 30 min and the value at 60 min was still significantly higher than the previous level.
Changes in blood pressure, IOP, and OPP
Mean blood pressure increased immediately and 15 min after exercise ( Figure 3) ; in contrast, IOP was reduced at least for an hour after exercise (Figure 4) . The OPP calculated from the mean blood pressure and IOP increased immediately and 15 min after exercise ( Figure 5 ).
Blood gas changes
Plasma concentrations of NO metabolites increased significantly after exercise (P ¼ 0.047), although pCO 2 levels were not changed significantly (P ¼ 0.714, Table 1 ).
Discussion
In our current study, the ocular blood flow increased significantly after dynamic exercise. There have been a Ocular blood flow after dynamic exercise T Okuno et al small number of reports assessing ocular blood flow changes induced by dynamic exercise. 5, 6 One report suggested that large retinal arteries constricted to normalize the blood flow in spite of increased OPP after exercise. 5 Our results suggest that autoregulatory mechanisms for ocular blood flow may increase retinal and choroidal tissue circulation when large ocular arteries constrict during exercise.
Blood gases showed differential responses to exercise, with pCO 2 remaining unchanged but plasma NO metabolites increasing after dynamic exercise. Since the NO metabolites are relatively stable, serum NO levels can be estimated from the measured levels of NO metabolites in the blood sample. 19 Several reports show that NO regulates blood flow in the eyes. [20] [21] [22] In addition, NO is involved in regulation of blood flow in organs after exercise and these actions may confound detection of NO effects in the eye during whole body exercise. [23] [24] [25] [26] [27] Therefore, NO may play an important role in the mechanism of blood flow changes in ocular and other tissues after exercise. It might be concluded that plasma NO changes explain the changes in ocular blood flow after dynamic exercise from the present experiments. However, it may well be that a number of other substances affecting ocular blood flow are increased after exercise.
Several studies using laser Doppler velocimetry 1-3 and a new laser interferometric technique 4 report unchanged ocular blood flow during isometric exercise. Riva et al reported that isometric exercise caused significant increases in choroidal blood flow only when OPP also increased over 69%, but this effect was associated with significant concurrent increases in mean arterial pressure and pulse rate. Based on these reports, the OPP change in our study seems to be in the range within which the autoregulatory mechanism is active. Thus, our results seem to be contradictory to those previous reports. The reason is uncertain and hard to explain completely; however, two explanations may be possible. For the first, different types of exercise (isometric vs dynamic) may involve differential regulatory mechanisms. Dynamic exercise may stimulate many transmitters and induce more systemic metabolic changes than the more systemically limited isometric exercise. In the previous reports, [1] [2] [3] [4] isometric exercise was probably selected as the best method for increasing OPP without inducing much systemic metabolic change. Dynamic exercise, however, has more relevance to normal physiologic conditions and daily life. We hypothesize that the autoregulatory range of OPP may be different during dynamic exercise compared to isometric exercise. [1] [2] [3] [4] A second explanation of the divergence between previous reports and our findings may be due to the Figure 4 The changes in intraocular pressure (IOP) after exercise. The IOP decreased significantly (repeated measures ANOVA, Po0.001, n ¼ 10) at each time point (paired t-test, **Po0.01) during the study. Figure 5 The changes in ocular perfusion pressure (OPP) after exercise. The OPP increased significantly (repeated measures ANOVA, Po0.01, n ¼ 10) immediately and 15 min (paired t-test, **Po0.01 and *Po0.05, respectively) after exercise. The plasma nitric oxide metabolite increased significantly (Wilcoxon signed rank test, Po0.05, n ¼ 10), although pCO 2 levels were unchanged (Wilcoxon signed rank test, P ¼ 0.93, n ¼ 10).
Ocular blood flow after dynamic exercise T Okuno et al methods used to measure ocular blood flow. With the Heidelberg Retina Flowmeter, retinal blood flow can be measured down to only 300 mm tissue depth. 15 In contrast, LSFG can measure blood flow not only in the retina but also in the choroid, where the latter reflects 3/4 of the total measured values. 28 Different measurement fields (Heidelberg Retina Flowmeter: 0.1 Â 0.1 mm; LSFG: 0.72 Â 0.72 mm) could also produce some of the difference between the two measurement methods.
In conclusion, the present results indicate that retinal blood flow increases immediately after exercise, but choroidal blood flow increases slowly during the exercise period. NO may have an important role in the blood flow change.
